Introduction
Feeders represent the final interface between pigs and the diets designed to meet their nutrient needs. The economic efficiency of a feeder depends on a number of items, including its costs (initial, operating, and depreciation) , the number of pigs that can be fed, their ability to attain appropriate feed intakes, and the amount of feed wasted. Feeder comparisons have often been limited to only a few models and have emphasized production differences rather than reasons for those differences (Anderson et al., 1990; Patterson, 1991; 1 This project was funded by the Agricultural Development Fund of Saskatchewan and the Alberta Agricultural Research Institute. Feeders were supplied by the manufacturers. 2 To whom correspondence should be addressed: P.O. Box 21057, 2105-8th St. East (phone: (306) 477-7452; fax: (306) 955-2510; Email: gonyou@sask.usask.ca) .
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< .05). The WD feeders also resulted in a reduction (17%) in eating time compared to D models (P < .01), and occupancy rate for WD feeders was similarly reduced (P < .05). Pigs spent 16% less time eating when they weighed approximately 80 kg than when they weighed 40 kg (P < .01). In Exp. 2, rate of eating was determined during a short test on the same 12 feeder models for both small (48 kg) and large (90 kg) pigs. Large pigs ate faster than small pigs, but eating rate was not affected by feeding space or presence of water in the feeder. In Exp. 3, eating rate was determined for small amounts of dry or wet feed. Premixing water with the feed (1:1 ratio by weight) increased eating speed (P < .01). We concluded that 12 pigs can be fed from a singlespace feeder without affecting productivity. The inclusion of water within a feeder decreases time spent eating, but it increases ADFI and ADG. When pigs are small, they spend more time eating, and feeder occupancy rates are higher than when they are large. Rantanen et al., 1995; Pluske and Williams, 1996) . In some cases, differences between two feeders have been attributed to one particular feature of a feeder when, in fact, several differences in features were confounded. The number of feeder models available in the industry today precludes an independent evaluation of each version for its efficacy. Rather, general features should be identified that can be used by producers when selecting a model, and by manufacturers in the design process. Baxter (1991) has studied specific features of feeders to determine their effect on eating behavior, and Taylor and Curtis (1989) have examined several models in an attempt to identify common features that are beneficial or problematic. The study of eating behavior in both of these studies and in other more recent publications (Walker, 1991; de Haer and Merks, 1992; Morrow and Walker, 1994; Hutson, 1995; Nielsen et al., 1996) is one means of understanding the way in which design features and management affect the performance of a feeder. The current series of studies was conducted to determine the effects of two design features, number of feed-ing spaces and availability of water, on the productivity of pigs and to identify behavioral mechanisms by which these features operate.
Materials and Methods

Experiment 1
Facilities, Animals, and Management. The study was conducted in four blocks over time in a fully slatted, environmentally controlled room equipped with 12 spindle (vertical rod)-sided pens, measuring 4.8 × 2.1 m each. Twelve pigs (Pig Improvement Canada), consisting of six females and six castrated males, were randomly assigned within sex to each of the 12 pens at the beginning of each block. The average starting weight of the pigs was 26.8 (SD = 5.28) kg. Pigs were fed a mash diet based on barley and soybean meal in a two-phase feeding program. For the initial 6 wk of the trial, the diet contained 3. Experimental Treatments. Twelve commercially available models of feeders (for complete descriptions see Gonyou and Lou, 1998) were classified according to the number of feeding spaces provided (single-space, SS; multiple-space, MS) and the availability of water within the feeder (dry, D; wet/dry, WD). The term "wet/ dry" was used because pigs could control the amount of water mixed with the feed, as opposed to wet feeding systems that premix the feed and water. The experimental feeders represented 10 manufacturers 3 from five countries. The numbers of models classified within each treatment combination were two SS-D, four MS-D, three SS-WD, and three MS-WD. The models of feeders used in the study were selected in order to achieve a wide range of features present among commercially available feeders within each classification, whenever possible. Both SS-D feeders provided access to the feed by means of gravity flow and protected the head and shoulders of the pigs while they were eating. All of the MS-D feeders provided access to the feed by gravity flow. Two of the models provided two well-defined eating spaces separated by snout, head, and shoulder dividers. The other two MS-D feeders provided a feed trough with nose dividers only. One SS-WD feeder provided side-by-side water and feed "bowls," with water access by means of a button drinker and feed access by gravity. A second SS-WD feeder provided feed access, by gravity, on a shelf positioned above the feeder pan. Water was available from downward-mounted vertical nipples below the feed shelf. Feed and water could be mixed and consumed from the feeder pan, and dry feed could also be consumed from the feed shelf. The third SS-WD feeder provided access to water by means of a horizontally mounted nipple and feed from a dispensing device activated by a push panel. Feed and water were consumed from a common bowl. One of the MS-WD feeders was essentially a doubled version of the SS-WD feeder equipped with a feed shelf. Another MS-WD feeder provided access to water by means of downwardmounted vertical nipples located above the feed pan and to feed by means of a lever dispenser that dropped feed into the feed pan. The third MS-WD feeder consisted of two water "bowls," filled by means of downward-mounted vertical nipples, and a central feed platform. Feed was available from the base of a vertical tube suspended a small distance above the platform surface.
Feeders were situated adjacent to or incorporated into the pen divider approximately 1.5 m from the back of the pen. Single-space feeders were situated so that pigs entered from the front of the pen and stood parallel to the pen divider while eating. Six of the multiplespace feeders required pigs to stand perpendicular to the pen divider while eating. The other multiple-space feeder was situated to create the effect of back-to-back single-space feeders, with pigs standing parallel to the pen divider. Three of the multiple-space feeders fed two adjacent pens. Feeders that required pigs to access feed by moving a lever were set to dispense 6 g of feed per drop, based on the conclusion of Morrow and Walker (1994) that this level supported normal eating behavior. For all dry feeders, a single water nipple was mounted on the pen divider approximately 1 m from the feeder. For WD feeders, the manufacturers' recommendations for additional water sources were followed. For two SS-WD feeders an additional nipple drinker was mounted on the pen divider approximately 1 m from the feeder. No additional water source was provided for the other four WD feeders.
Experimental Design and Data Collection. The study was conducted in four blocks, with 12 pens per block. Initially the study was designed with complete replication of all models within each block and random allocation to pens. Because some models fed two pens, not all models could be included in each block. Each block contained as many models as possible, and each model was used for four pens in the study. Within each block, feeders were randomly allocated to the pens. Pigs were weighed and feed intake was determined at 2-wk intervals. All pigs remained on the trial for 12 wk and were then marketed as individuals reached the target weight of 106 kg, as estimated from the previous weighing. Carcass data were collected on those pigs (n = 308) falling within the targeted weight range of 100 to 110 kg. These data included carcass weight and estimated lean and fat content. Approximately equal numbers of pigs were used for carcass data from each treatment combination. The feeder area in each pen was videotaped for 24 h on two occasions, during wk 3 to 4 and 8 to 9, when pigs averaged approximately 40 and 80 kg, respectively. The time budget of feeder usage (head in feeder) was determined from instantaneous observations from the videotapes at 10-min intervals (Martin and Bateson, 1993) . The number of pigs eating from the feeder during each observation was used to determine the total duration of eating, the occupancy rate of the feeder (number of pigs/observation; could exceed 100% if two pigs ate from one hole), and the average percentage of time each feeder hole was in use (occupied or not, regardless of number of pigs). For behavior variables, the feeder space treatment was modified to include three levels: one, two, and four spaces. For 10 min of each hour, the tapes were observed continuously to determine the number of entrances into the feeder.
Whenever possible, the pen was considered the experimental unit and feeder models were considered the source of replication within treatments. For feeders that fed two pens, feed intake was considered to be proportional to weight gain in each of the pens (feed efficiency was assumed to be identical). This assumption did not affect the mean for each model of feeder, which was the basis of the error term in the statistical analysis. The basic statistical model, presented in Table  1 , included block, treatments (space and water access), replication within treatment (feeder models), and replication within feeder models (pens). Treatments were compared using feeder model nested within space and water treatments as the error term. The ADG, ADFI, and feed efficiency were summarized for each 4-wk period of the study, as well as for the entire 12-wk trial. Behavioral data were analyzed in a split plot over time, and time of observation (wk 3 to 4 vs 8 to 9) was tested in the sub-plot.
Experiment 2
The eating speed of pigs was determined for each of the 12 models of feeders used in Exp. 1. Each model was tested using five small (range 41 to 54 kg) and five large (range 85 to 94 kg) pigs, using the same diets employed in the production study. Prior to the series of tests, the pigs had been fed from a dry feeder. The models were tested in a random series. Pigs were familiarized with each model for 24 h prior to the test. After a 6-h period without feed to enhance eating motivation, pigs were individually placed in a pen with the feeder until they had spent 10 min eating (head in feeder). At that time, they were removed, and feed disappearance was determined.
The experimental unit was the individual pig. The model for analysis of variance was similar to that for Exp. 1 (Table 1) , with pig substituting for pen. Two of the feeder models required pigs to operate a lever in order to access feed. These models were compared to the others in a separate contrast.
Experiment 3
The eating speed of pigs fed dry or wet feed was determined in a test situation similar to Exp. 2. The dry meal feed was made wet by the addition of an equal weight of water. Previous experience has suggested that eating speed is maximal at this ratio (Gonyou, unpublished data) . Ten large (90 kg) pigs were individually tested on each feed form following a 6-h period without feed. The time required to consume 500 g of feed (dry basis) from a feeding bowl was determined. Eating speed was then expressed as grams per minute prior to analysis.
Results
Of the 576 pigs involved in the production study, 32 (5.5%) were removed due to injury or sickness. Although the number of pigs removed from individual feeder models varied from 0/48 to 6/48, there was no difference in removals from the various feeder categories (SS-D, 6/ 96; MS-D, 10/192; SS-WD, 8/144; and, MS-WD, 8/144). Production results from Exp. 1 are summarized in Table  2 . No significant differences were observed between single-and multiple-space feeders in any of the production variables. The availability of water within the feeder resulted in an increase in ADFI of approximately 6% and ADG of 5% over the entire trial (P < .05). A numerical trend for increased intake and gain with wet/dry feeders existed during each 4-wk period, with the greatest differences occurring during the latter two 4-wk periods. Because both intake and gain increased proportionately with wet/dry feeders, no differences in efficiency were observed. Pigs fed from dry feeders were leaner (Table 2 ) than those fed from wet/dry feeders (P < .05).
Significant differences were observed in all aspects of eating behavior between small and large pigs in Exp. 1 (Table 3) . Small pigs spent approximately 20% more time eating and entered the feeder 30% more often than did large pigs (P < .01 and < .05, respectively). Consequently, the occupancy rates of the feeder and individual holes were approximately 20% higher for small pigs (P < .01 for both). Provision of water within the feeder also affected all aspects of eating behavior, reducing total duration of eating by 17% (P < .01), frequency of feeder entrances by 39% (P < .01), and occu- pancy rate of feeders by 13% (P < .05). However, because two dry feeders provided four feeding holes, occupancy rate per hole was reduced with dry feeders (P < .05). Increasing the number of feeding holes resulted in an increase in total duration of eating and a reduction in the occupancy rates for both the feeder and individual feeding holes (P < .05) but did not affect frequency of entrances into the feeders (Table 4) .
Eating speed in the short-term tests (Exp. 2) averaged 44.6 ± 1.2 g/min and was not affected by the number of feeding spaces or availability of water. Overall, large pigs ate faster than small pigs (43.5 ± 1.2 vs 35.6 ± 1.2 g/min; P < .01), but this was only true for feeders not operated by levers (Table 5) . When water was premixed with feed in Exp. 3, eating speed increased from 42.2 ± 7.3 to 123.7 ± 30.5 g/min (P < .01).
Discussion
This study addresses the question of whether two specific features of feeders, water access and number 44.9 ± 2.11* 49.5 ± 2.11 *P < .05; **P < .01; comparisons were made between 40 and 80, and between dry and wet/dry on the same row.
of feed spaces, affect the behavior and productivity of pigs. In the case of water access in particular, and to a lesser degree number of feed spaces, incorporation of this feature necessitates a number of design changes that confound the evaluation. The simplest comparison of the same model of feeder operated as dry and wet/ dry is generally inappropriate. Most feeders designed to be used dry would become plugged if water access were added. Similarly, changes in the means of accessing feed in wet/dry designs to prevent plugging may bias the results if the feeder were used for dry feed. The approach taken in this study has been to examine a range of dry and wet/dry feeders and to consider the confounding involved in their various designs to contribute to experimental error in this study, in which models were the unit of replication. Even though these sources of variation were included in the experimental error, treatment differences were found. A treatment difference does not imply that a replicate (feeder model) from one treatment cannot exceed the performance of a replicate from a statistically superior treatment. Within a row, means lacking a common superscript letter differ (P < .05).
Rather, statistical differences imply that most comparisons of replicates (feeder models) would follow the identified trend and that reversals are uncommon exceptions. Treatment differences observed in this study imply that the features of water access and number of feeding spaces have general application to feeder design and that exceptions to these findings may exist but would be uncommon. It should be noted that the feed used in this series of experiments was in meal form, rather than pelleted form. Meal diets reduce the eating speed of pigs (Gonyou, unpublished data) and in these studies would have the effect of increasing total duration of eating. The use of meal rather than pelleted diets is likely to reduce the number of pigs that can be fed from a feeding space.
The number of pigs that can be accommodated per feeder space affects the relative feeder cost per pig and the number of pigs per pen. Therefore, it is an important consideration of producers when designing new facilities or replacing equipment. Traditional recommendations have suggested fewer than 10 pigs, perhaps as few as four, per feeder space (English et al., 1988) , but recent results have indicated that as many as 20 or 30 pigs can be fed from a single-space feeder and still maintain production (Walker, 1991; Nielsen et al., 1995) . In the current study, it was clear that 12 pigs could be fed from a single-space feeder without affecting intake, growth rate, efficiency, or carcass characteristics, compared to providing a second feeding space for the same number of pigs. However, the limiting factor in determining the number of pigs that can eat from a feeding space is the total duration of eating, which is dependent on intake and eating speed. When 12 pigs Table 5 . Effect of size of pig and type of feed access on eating speed (g/min; mean ± SEM) of growing/ finishing pigs (Exp. 2)
Feed access
Pig size Lever (n = 2) Non-lever (n = 10) Small (48 kg) 34.4 ± 2.8 35.9 ± 0.9 Large (90 kg)
33.8 ± 4.6* 44.6 ± 1.4 *P < .05 for lever vs non-lever.
were fed from a single-space feeder, compared to a multiple-space feeder, they were only able to maintain intake by increasing eating speed. Morrow and Walker (1994) reported a similar decrease in total duration of eating for single vs two-space feeders, as well as an increase in queuing time at the feeder. When the effects of feeder space (single), pig size (small), and lack of within-feeder water access (dry) on occupancy rate were combined within this study, occupancy rates reached a level of approximately 80%. Based on these results, only a small increase in group size would be possible before feeder space would limit productivity. Walker (1991) reported that productivity was maintained at occupancy rates of 80 to 90% in his study using a singlespace wet/dry feeder. Several previous studies have indicated that the availability of water within the feeder increases intake and rate of gain (Anderson et al., 1990; Walker, 1990; Payne, 1991) . However, most of those studies involved only a few models of dry or wet/dry feeders. In the current study, the provision of water in six of the feeder models resulted in consistent increases in ADG and ADFI, supporting the hypothesis that previous results were due to the wet/dry feature rather than to other unique features of individual feeders. The reduction in carcass lean for pigs fed from wet/dry feeders supports previous observations (Walker, 1990; Payne, 1991) and suggests that diet formulation should be modified for wet/dry feeders, taking into account the increased intake. The discrepancy in the effect of water availability on eating speed between Exp. 1 and 2 may be due to the methodology. In Exp. 2, the pigs were deprived of feed prior to a short test. Few pigs accessed water during the 10-min test period. Provision of premixed feed and water in Exp. 3 clearly indicated that eating speed could be increased with wet feed. The increase in eating speed on wet/dry feeders in the production study may have contributed to the increased intake, but if so it was not due to increased access to feeder space because this was not limiting for the multiple-space feeders. The effects of wet/dry feeding on gain and intake may be more dramatic with mash than with pelleted feed, because eating speed for pelleted diets is high regardless of added water (H. Gonyou, unpublished results) .
Eating behavior was affected by the size of the pig. Previous studies have indicated that, as pigs grow, the total duration of eating (Walker, 1991; Hyun et al., 1997) and number of meals (Walker, 1991) decrease. The reduction in total duration was confirmed in this study, and, although we measured entrances rather than meals, the number also decreased with age. With the exception of the interaction with feed access type (lever vs non-lever) on eating speed, no significant interactions between pig size and feeder type were found. It may be that the amount of feed accessed per lever activation was inadequate to achieve a higher eating rate among large pigs. The effect of greater duration of eating for small pigs is to increase the occupancy rate for feeder spaces. It is likely that the maximum number of pigs that can be fed per feeder space is less for small pigs than for large. That is, for feeders with well-divided feeding spaces, fewer pigs can be accommodated during the growing period than the finishing period. Walker (1991) , feeding 30 pigs from a single-space feeder, reported a decrease in intake relative to smaller group sizes only during the growing phase. However, if the feeder has an undivided feeding trough, the number of effective feeding spaces will change as the pigs grow and crowding may not occur.
Implications
Providing a water source within a feeder is beneficial. For pigs eating mash diets, average daily feed intake and gain increased by approximately 5%, but carcass lean was slightly reduced, when water access was provided within the feeder. Diets for use in wet/dry feeders should be formulated to account for the increased intake and gain to address carcass quality. At least 12 pigs could be fed from one of our single-space dry feeders without negatively affecting intake and gain. Total duration of eating was reduced when water was available in the feeder, and for older pigs. Thus, the number of pigs fed from a feeding space would be greater for wet/ dry feeders and for larger pigs. Productivity can be maintained at feeding space occupancy rates of 80%, but extrapolation of data among conditions will be limited due to the ability of pigs to adapt their eating behavior when crowding occurs.
